
AD-AL13 502 NAVAL OCEAN SYSTEMS CENTER SAN DIEGO CA F/ 19/5
DYNAMIC EQUATIONS FOR INITIALIZATION OF THE VERTICAL LAUNCH ASR--ETCtU)
NOV Al D H LACKOWSKI

UNCFID AS SIFIEO-C/T2Th2



1, :, 1140

111 111111.6

AMICROCOPY RESOLUTION TEST CHART
NAtItNAI lnOI L 1 '...[.AF.. ...



!'.-

C4 z

z
Technical Report 742

DYNAMIC EQUATIONS FOR INITIALIZATION OF
THE VERTICAL LAUNCH ASROC AUTOPILOT

DH Lackowski

November 1981

Research Report: July -August 1981

Prepared for
Naval Sea Systems Command

0V

Approved for public release; distribution unlimited

NAVAL OCEAN SYSTEMS CENTER
* - SAN DIEGO, CALIFORNIA 92152

82 s 15 046
7 1



NAVAL OCEAN SYSTEMS CENTER, SAN DIEGO, CA 92152

AN ACTIVITY OF THE NAVAL MATERIAL COMMAND

SL GUILLE, CAPT, USN HL BLOOD
Commander Technical Director

ADMINISTRATIVE INFORMATION

The work reported herein was sponsored by the Naval Sea Systems Command
(NAVSEA 63Y2) under Program Element PE64353N and was conducted over the period
1 July-31 August 1981.

Released by Under authority of
FE Rowden, Head RD Thuleen, Head
Weapon Systems Office Weapon Control and Sonar Department

ad



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (on'es Data Enterd)

REPORT DOCUMENTATION PAGE BEFORE COMsPLETIG FORM
1. REPORT NUMBER 12. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

NOSC Technical Report 742 (TR 742) ,- 3//3 P,
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

DYNAMIC EQUATIONS FOR INITIALIZATION OF THE VERTICAL Resesch report
LAUNCH ASROC AUTOPILOT July-August 1981

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR( ) s. CONTRACT OR GRANT NUMNER(a)

D.H. Lackowski

S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK

AREA 6 WORK UIT NUMBERS

Naval Ocean Systems Center
San Diego CA 92152 64353N

I I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Naval Sea Systems Command November 1981
Washington, DC 13. NUMBER O PAGES

• _22
14. MONITORING AGENCY NAME & ADDRESS(If diffee nt from Controlling Office) IS. SECURITY CLASS. (of this report)

Unclassified

ISo. DECL ASSI FIC ATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the ebstract entered In Block 20, it ditferent from Report)

IS. SUPPLEMENTARY NOTES

IS. KEY WORDS (Continue on rverse. . ie.It necess.ay ad Identify by block number)

Fire control
Ship - launched missile
Reference frames
Autopilot

20. ABSTRACT (Continue on reve,*e side if ,eces.ury and identify by block ,awber)

nThis report defnes the reference coordinate frames and provides the dynamic equations required to support

development of autopilot initialization algorithms in the fire control computer for the Vertical Launch ASROC
system.

DO I JAN73 1473 EiDITIoN OF I NOV s is oUesLaE UNCLASSIFIED
S 'N 0102- LF- 014-6601 SECURITY CLASIFICATION OF THIS PAE (Wen be 21*e4)

-.., -........ U - - .. -



CONTENTS

Introduction ....... . . . . . . . . . . . . . . . . .... 3

Notation for Vectors and Orthogonal Transformations . . . . . . ..... 4

Reference Coordinate Frames ....................... 5

Attitude of Command Reference (x5y5z5) Relative to Autopilot
Reference (x4Y4z4) ...... .................. . 0 . . . . . . 10

Predicted Attitude of Command Reference (x5y5Z5) Relative to Autopilot
Reference (x4y4z4 ) ......................... .*.*.. 11

Least Squares Orthogonalization of Nonorthogonal Matrices . . ....... 13

Velocity of the Launch Point Reference Relative to the Moving Air
ass . . . . .... ..... . ...... .... . . . . 14

Predicted Velocity of the Launch Point Reference Relative to the Moving
Air Mass ........... ............................ . . . 16

Bibliography..................... . . . .17

Appendix: Modified Equations for OP 1700 Definitions .. ............ . 19

Accssion For

NTIS GRA&I
DTIC TAB
Unmawounc d
Justitfiatlon

C oDistribution/
.OPECTED Availability Codes

Avall a (/or
Dis S

. i - . .... -

-

_ 

... -.. . -

.... . . ..... ... . . . - l . .. .. .. . . . .. . ' , , . b ,_



INTRODUCTION

This report defines the reference coordinate frames and provides the

dynamic equations required to support development of autopilot initialization

algorithms in the fire control ccoputer for the Vertical Launch ASROC system.

The report presents a mathematical definition of the dynamic data required by

the missile autopilot for prelaunch initialization. These include:

(1) Attitude of the command reference frame relative to the autopilot

reference frame

(2) Velocity of the launch point reference relative to the moving air

mass
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NOTATION FOR VECTORS AND ORTHOGONAL TRANSFORMATIONS

We understand that r represents a vector quantity without reference to

any particular coordinate frame. If we wish to specify the vector r expressed

in terms of xiyizi coordinates, we use ri.

The orthogonal transformation Aij represents the transformation from the

xiYizi coordinate frame to the x jyjz frame. Thus:

x = A ijxi  (1)

The inverse transformation (from x y jz to xiyiz i) may be indicated by
T

Aji or, equivalently, Aij (the transpose of Aij The vector r is understood

to have scalar cymponents r x , ry, and rz

Tr = [r r r ]T (2)
x yz

while r. has components:
1

r [r =r i riJT (3)i ryi z
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REFERENCE COORDINATE FRAMES: (FIG 1)
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to the ship and rotate with the ship relative to the stable reference

(x0y0z0 ). xI is the roll axis of the ship with positive xI forward, y1 is the

pitch axis,positive to starboard, and zI is the yaw axis with positive down-

ward.

zi x

Figure 3. Ship Reference Frame

The attitude of the ship reference (xlylz 1 ) relative to the stable

reference (x0YzO0 ) is a consequence of the ordered Euler angle rotations:

(1) * about the z-axis (yaw or heading)

(2) 8 about the y-axis (pitch)

(3) * about the x-axis (roll)

The orthogonal transformation from the stable reference (x0Y020 to the

ship reference (xlylz I) is:

c* ce s* ce -se

A01 c*ses sses c0s. (4)
-s*c# +c*c#

c*Sc$ s*sec* cec*
+Bs#s -c~s

where c and s denote the :osine and sine functions.

The ship reference frame, as defined above, corresponds to the reference

frame conventionally used for attitude reference in virtually all modern tech-

nical publications, ie, positive roll and yaw motions are to starboard and

positive pitch corresponds to a bow-up attitude. OP 1700 (Standard Fire
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Control Symbols) does not conform to this convention, but instead defines

positive roll motion to port and positive pitch as bow-down attitude. This

report will continue to use the conventional definitions. The modifications

required to use the OP 1700 definitions are presented in the Appendix.

LAUNCHER REFERENCE (x 2 Y2 z 2 )

The vertical launching system, when installed, is nominally aligned with

the ship reference axes (xlYlzI). In fact, however, these axes are generally

not used directly because of structural obstructions. Instead, the launching

system is aligned with respect to some launcher reference (x 2 y 2 z 2 ) which was,

in turn, previously aligned with respect to the ship reference (xlylz). The

transformation M12 represents the misalignment between the ship reference

(xy 1z1 ) and the launcher reference (x2y2z 2 ) and is a function of static and

.4 .dynamic alignment errors due to errors in initial alignment and subsequent

structural flexure.

AUTOPILOT ALIGNMENT REFERENCE (x 3 y3z 3 )

x3

Z3 X3

X~ 450

Z2
Y3

Figure 4. Autopilot Alignment Reference

7



The autopilot alignment reference axes (x3 y3 z3 ) (Fig 4) represent the

nominal (or intended) axes of the autopilot, that is, the autopilot axes when

the missile, in its canister and cell, has been aligned, without error, with

respect to the launcher reference (x2Y2z2 ). x3 is the roll axis of the auto-

pilot, Y3 the pitch axis, and z 3 the yaw axis. Positive x3 is forward in the

missile and positive y3 is to starboard.

The configuration of the vertical launch system is such that, with the

missile and its canister loaded into one of the cells, the positive x3 axis is

in the direction of negative z2 and positive z3 is either 450 to port of

positive x2 (we say A - 450) or 450 to starboard of negative x2 (we say X
2250). Positive Y3 completes the right-handed triad.

The attitude of the autopilot alignment reference (x3Y3z3) relative to

the launcher reference (x 2 y2 z 2 ) is a consequence of the ordered Euler angle

rotations:

(1) 900 about the y axis

(2) X (450 or 2250) about the x axis

The orthogonal transformation from the launcher reference (x2Y2z2) to the

autopilot alignment reference (x 3 Y3 z 3 ) is:

0 0 -1

A = ex cX 0 (5)

c -sX 0

AUTOPILOT REFERENCE (x4y4z 4 )

The autopilot reference axes (x4Y424) represent the actual reference axes

of the autopilot (x4-roll, y4-pitch, z4-yaw) with the missile and its canister

loaded into a cell. The transformation 34 then represents the misalignment



error of the autopilot axes (x y z) relative to the autopilot alignmentIreference ( 3Y3 z3 1

COMM REFERENCE (x5ysz 5)f

5 Z5 BALSTIC
VECTOR

Y5 7

Figure 5. Command Reference

4, The comand reference (x5Y5Z5) is used as an attitude control reference

by the autopilot (Fig 5). The positive z5 axis is in the direction of the

ballistic vector. Positive x5 and positive z5 lie in a vertical plane with

positive x5 upwards. y5 completes the right-handed triad.

The ballistic vector is defined by an azimuth angle A measured in the

horizontal plane from true north and an elevation angle E, the angle above the

horizontal plane, measured in the vertical plane. Then the attitude of the

command reference (x5y5z5 ) relative to the stable reference (x0y0z0) is a

;onsequence of the following ordered Euler angle rotations:

(1) 900 about y (reorientation of axes)

(2) -A about x (azimuth)

(3) E about y (elevation)

The orthogonal transformation from the stable reference (x 0y0 z 0 ) to the

cozuand reference (x ys5 ) is:

-cAsE -sAE -cE

A05  LGA cA 0 (6)

-AC i~c -asi l i•i



ATTITUDE OF COMMAND REFERENCE (X5 Y5 Z5 )

RELATIVE TO AUTOPILOT REFERENCE (x 4 Y4 z 4)

The orthogonal tranformation A45 (Fig 1) describes the attitude of the

command reference (x5y5z5) relative to the autopilot reference (x4Y4z4). A4 5

is computed as the product of known matrices:

T T T MT (7)
45 05 01 12 23 34

A01 and A05 are computed as indicated by Eq (4) and (6). A2 3 is computed

as a function of X as indicated by Eq (5). The parameter I is a constant for

a particular cell and will be provided (or some equivalent parameter) by the

Launcher Control Unit (LCU) following cell selection.

The source of the misalignment transformations, M12 and M3 4 , is presently

not known, pending results of current studies of system misalignment errors.

These may be provided, in full or in part, by the LCU, may be computed in the

fire control computer from externally provided data, or may be produced by

some external subsystem dedicated to misalignment correction. In any event,

the tranformations will be provided to the fire control computer for autopilot

initialization.

10
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PREDICTED ATTITUDE OF COMMAND REFERENCE (XSYS5 )

RELATIVE TO AUTOPILOT REFERENCE (x 4 y 4z4

Let the vector a denote the angular velocity of the autopilot reference

(x4y4z4 ) relative to the stable reference (x0y0Z0 ) and let B represent the

angular velocity of the command reference axes (x5Y5z5) relative to the stable

reference (x0y0z0).

The time derivative of the orthogonal transformation A45 is given by:

45 A 45n (8)

where 0 is the skew-symmetric matrix:

F0 (0z4 a z (a y4  y4
(a Bz4 ) 0 (B x4 - x4 (9)

(y4 a y4) (a x4 " 0x4) 0

The angular velocity vector ;, in the absence of dynamic flexure, is

identical to the ship's angular velocity vector w, which can be conputed from

ship's roll, pitch, and yaw rates (;, 8, ;, respectively). Then, assuming no

dynamic flexure, we compute a in ship reference (xIY 1zI) coordinates:

a X -*s +* (10)

a y *ces# + Ocs
0 0

a 2 1 - *cec# - es*

The angular velocity 1 must be computed from the dynamics of the command

reference frame (x 5 y 5z ). Specifically, the azimuth and elevation rates, A

and E, respectively, must be computed. Then B, in stable reference coordi-

nates X0 yoz 0 ), is:

11



0 -s ( -B)

0 -E=cA
YO

ozO M -A

The differential equation [Eq (8)] provides the basis for prediction or

update of the transformation A 45 If we wish to predict from time t to t + T,

we can expand A4 5 in a Taylor series and use the first two terms as a first-

order approximation:

A45 (t + T) -A 4 5 (t) + TA 45(t) (12)

Other, more sophisticated, approximations are common in the literature and can

be provided, if required.

12

121



LEAST SQUARES ORTHOGONALIZATION OF NONORTHOGONAL MATRICES

Because of numerical errors in digital computations and slightly nonor-

thogonal reference axes, algorithms for the matrix equations described herein

generally produce slightly nonorthogonal matrices. The nonorthogonality can,

in some instances, produce adverse effects. Thus it is common i. such compu-

tations to include some subroutine to orthogonalize the computed transforma-

tions. A first-order, least-squares algorithm for orthogonalization is de-

scribed below.

Let A represent a computed transformation matrix which is "near-ortho-

gonal." The least squares algorithm:

T -1/2A= A (A A) (13)

provides an orthogonal transformation A which is nearest to A in a least

4 squares sense. That is, the algorithm minimizes the error measure e:

e = TR[(A-) T-(A4A) (14)

(where TR indicates the matrix trace function) subject to the constraint that

A be orthogonal:

AA . I - 0 (15)

Equation (13) is computationally difficult because the square root func-

tion requires computation of eigenvalues. In practice, a first-order approxi-

mation is usually sufficient:

-A + 1/2 A (I - ATA) (16)

Other, more sophisticated, orthogonalization algorithms are common in the

literature.

13



VELOCITY OF THE LAUNCH POINT REFERENCE RELATIVE TO THE MOVIWG AIR MASS

We define the following vectors (see Fig 6):

Figure 6. Ship Vectors

(1) v = ship's inertial velocity measured at some reference point A in

the ship.

(2) j = inertial velocity of the launch point reference B.

(3) r = displacement vector from point A (ship's velocity reference) to

point B (launch point reference).

(4) i angular velocity of the ship relative to the stable reference

(x0yoz 0)•

(5) w - inertial wind velocity.

Since we have assumed that the stable reference (x0y0z0 ) is an inertial

reference, all velocities and angular rates are relative to that reference.

Autopilot initialization requires the velocity of the launch point

reference (B) relative to the moving air mass in autopilot reference coordi-

nates (x4Y4z4 ), that is, the vector quantity U4 - w4 "

The vectors v (ship's velocity) and w (wind velocity) are measurements in

stable reference coordinates (x0y0z0 ) provided to the fire control system.

The vector r is provided by the LCU when a particular cell has been selected.

We assume that ; is provided in ship reference coordinates (x1y1z1).

14



The angular velocity vector ; may be computed in ship reference coordi-

nates (xl IyI 1) fram ship roll, pitch, and yaw rates by means of Eq (10):

0 -3 !Cos# + Oct

01 *ec*c - s

iz
Then:

-M v +4I (w -v w x

H34 A23 M12 [A01 0 0 1 1

I

4
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PREDICTED VELOCITY OF THE LAUNCH POINT REFERENCE RELATIVE

TO THE MOVING AIR MASS

A simple linear extrapolation algorithm can be used to provide a first-

order estimate of launch point reference velocity in the moving air mass at

some future time.

To simplify notation, let:

X = U 4 - V4  (19)

Then, a first-order estimate of x at time t + T can be determined from

computed values of x at times t and t - T

[ (t) - ;(t-T 
x (t + T 1  x(t) + TL T] (20)

Other, more complex nonlinear extrapolation algorithms may be used, if this

simple linear extrapolation is inadequate.

16
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APPENDIX

MODIFIED EQUATIONS FOR OP 1700 DEFINITIONS

OP 1700 (Standard Fire Control Symbols) defines own-ship yaw motion as

positive to starboard, roll motion as positive to port, and positive pitch as

bow-down attitude. Using these definitions, Fig A-1 illustrates the ship

reference frame (x Ylzl). The attitude of the ship reference (xlY,1Z) rela-

tive to the stable reference (x0Y0 z0 ) is a consequence of the following

ordered Euler angle rotations:

(1) 1800 about the z-axis (reorient axes)

(2) * about the z-axis (yaw)

(3) e about the y-axis (pitch)

(4) t about the x-axis (roll)

Then the orthogonal transformation from the stable reference (x0y0 z0 ) to the

- ship reference is:

-clco -s4ce -so

A01 -cs*es* -s*seso +ces
00sc -c*c* (A-1)

-cpsec -s*s8c$ +cec*
-sis# +c#

The launcher reference frame (x 2 Y2 z 2 ) and ship reference frame (x lylz) are

assumed to be nominally aligned. Thus a change in orientation of the ship

reference (x1y1z1 ) requires a corresponding reorientation of the launcher

reference (x2y2z2). Therefore the transformation A23 will change, since the

launcher reference (x2y2z2 ) is reoriented without a corresponding reorienta-

tion of the autopilot alignment reference (x3y3 z3 ).

The transformation from the launcher reference (x2Y2 z2 ) to the autopilot

alignment reference is a consequence of the following ordered Euler angle

rotations (see Fig A-2):

19 € p
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(1) 1800 about the z-axis

(2) 900 about the y-axis

(3) A (450 or 225') about the x-axis

Then the transformation A23 is given by:

a 0 -1

A23 -c0] (A-21S-CA DA 0

No other modifications to the equations in the body of this report are neces-

sary, when the OP 1700 definitions of own-ship roll, pitch, and yaw are used.

To suimuarize: When using the OP 1700 definitions in place of the conven-

tional definitions, replace Fig 3 and 4 with Fig A-I and A-2, respectively,

and replace Eq (4) -ad (5) with Eq (L-i) and (A-2), resptively.

i " I
Figure A-i. Ship Reference Frame (OP 1700 Standard)
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Y33IA 2250) y

2

Figure A-2. Autopilot Alignment Reference (X Z3) and Launcher
Reference Frame (X Y Z (OP 1700 Standard) 33)

22 2

21

.- ,,, .. .
. , .. . . .. .. .. -- .. ,M


